necessary for evaluating the risk of long-term exposure to radiation at low dose. This study intends to examine several numerical relationships between doses and dose rates in biological responses to gamma radiation. Data on inhibition of [ 3 H] thymidine uptake and micronucleus formation in human osteosarcoma cells were analyzed using the median effective dose (MED) as a measure of the risk. MEDs were calculated using parameters estimated by fitting general logistic curves to the dose-response relationships for each group defined by irradiation time. Both biological responses, the inhibition of [ 3 H] thymidine uptake and micronucleus formation, decreased sharply when the dose rates were less than 0.01 Gy/h. Exponential functions were fitted to the log relationships between MEDs and dose rates. This modified exponential model described well the quantitative effect of dose rates on MEDs, and suggested that risk is extremely low at very low dose rates. 
Introduction
A number of studies have demonstrated that, in general, the biological response to radiation exposure decreases at low dose rate compared with the response at high dose rate. These dose rate effects have been shown at molecular, cellular, tissue and whole-animal levels (Kallmann, 1962; Russell and Kelly, 1982; Morin et al., 1990; Geard and Chen, 1990; Nagasawa et al., 1992; McMillan et al., 1992; Morlier et al., 1992 ; Académie des Sciences, 1995; Monchaux et al., 1999; Boreham et al., 2000) . Other studies have reported that biological response per unit dose increases as dose rate is reduced over a certain, limited dose-rate range. This effect, known as the inverse dose rate effect, has been found for mutation (Crompton et al., 1990; Vilenchik and Knudson, 2000) , micronucleus formation (Hill et al., 1984; Widel and Przybyszewski, 1998) , and transformation (Miller et al., 1993) . The effects of dose rate seem to differ according to the quality of the radiation, the range of doses and dose rates, the biological response being measured, etc. These many observations suggest that biological responses to ionizing radiation are highly complex processes that depend on both dose and dose rate.
To quantitatively evaluate radiation risk, it is necessary to consider the numerical relationships between biological response, cumulative dose and time, because a time factor is implicated in the repair of primary lesions caused by radiation. Mathematical models for cancer risk based on biological considerations such as the multi-stage model (Armitage and Doll, 1954) and the two-event model (Moolgavkar and Venzon, 1979) can describe data on tumour incidences in animals and man. However, the biological mechanisms involved in the production effects at low dose rate have not yet been completely elucidated. Moreover, existing epidemiological data, which could serve as evidence for quantitative estimation the low dose rate effect, is insufficient and lacking in statistical power. Therefore, given the present state of our knowledge, we may have no other choice but to extrapolate from observable data using a quantitative model that include dose and dose rate as parameters.
Our previous paper presented a quantitative analysis for the prediction of irradiation time-dependent biological responses to low dose rate radiation using observed data on growth arrest and micronucleus formation induced by ionizing radiation in human tumor cells to describe the relationships among doses, dose rates, exposure times and biological responses (Magae et al., 2003) . The purpose of this paper is to examine numerical relationships between biological responses and dose rates, and to provide a more general form of the model for quantitatively evaluating the effects of dose rates. Through testing some mathematical functions of dose rate versus observed biological response, we developed a modified exponential model (MOE model) to describe the phenomena at low dose rates.
QUANTITATIVE MODEL FOR EVALUATION OF DOSE RATES EFFECTS

Experimental methods
All the experiments have been carried out as described previously (Magae et al., 2003) . Cell populations derived from a human osteosarcoma, cell line U2OS, were irradiated in an irradiation room with radiation from a 1850 TBq 60 Co source.
During irradiation, the cells were cultured at 37 °C in a 10% CO 2 atmosphere in D-MEM medium supplemented with 5% fetal bovine serum, 0.05 mM kanamycin and 8 µg/ml tylosin in an incubator placed in the irradiation room. The cells were maintained in exponential growth conditions by passaging into fresh medium twice per week. Dose rate was measured with a photoluminescent dosimeter (PLD). After irradiation, 5000 cells were cultured for 48 h in a microplate well, and 18.5 kBq of [ 3 H]-thymidine was pulsed for 4 h before harvesting. Incorporated radioactivity was measured by liquid scintillation counting. For micronucleus formation measurements, 200,000 irradiated cells were plated on a coverslip and cultured in the presence of 10-µM cytochalasin B for 24 h to block cytokinesis. Cells were washed with PBS, fixed with 4 % aqueous formaldehyde solution for 15 min, and incubated with 4,6-diamidino-2-phenylindole (DAPI, 100 ng/ml) and propidium iodide (1 µg/ml) to stain the nucleus and cytoplasm. The number of cells with micronuclei among 200 binucleate cells was counted by fluorescence microscopy.
Mathematical analysis
Biological responses are often described by a logistic regression model when the response variable is binary. The model used for dose-response analyses in this paper is a general logistic function in which the proportion (p) of cells there are [ 3 H]-thymidine uptake inhibition or bearing micronucleus binuclear cells at cumulative dose x is expressed as
where a is the maximum proportion of the response (0 < a ≤ 1), b and c are parameters. This equation can be rewritten using the logit of p as follows:
There are several reasons for using this model. It is a flexible and easily used function from a mathematical point of view. In this model, the dose-response curve is sigmoid, or S-shaped, and p does not exceed a. The proportion of subjects who respond at each dose level represents the cumulative distribution function of the probability of the response to radiation. We used the median effective dose (MED) as a measure to characterize this distribution, because the point estimator of the MED is not subject to measurement errors and is more reliable than the response at either tail of the distribution (Ashford, 1985; Morgan, 1992; Armitage and Colton, 1998) . The MED is equivalent to ED 50a (the effective dose 50a), the dose that causes a measurable response in 0.5a probability (i.e. 50a%) of the cells. As the probability of biological response often reaches a maximum level (= a) at less than one, it is more appropriate to use the MED rather than ED 50 (the dose level at which 50% of the group have responded) in calculations.
, that is, the MED is given by
If the dose-response curve depends on dose rate, the MED also depends on dose rate for a constant irradiation time, or depends on irradiation time at a constant dose rate. To evaluate the effect of dose rate on MEDs which were estimated by equation (3), we consider the following functions that can describe the relationship between the MED and the dose rate.
First, if the MED is expressed by any function of the irradiation time t at a constant dose rate r, the MED can be expressed as a function of r at a constant t. We will demonstrate later that a linear function fits well to the relationship between the MED and the irradiation time 
where d 0 > 0 and r > d 1 . We calculated d 0 and d 1 by the least squares method.
Second, assuming that response p depends on the cumulative dose x, the dose rate r and the irradiation time t, we fit the following multiple logistic function to the data:
where b 0 , b 1 , b 2 and b 3 are parameters. Here, since the variables are related by x = tr, the term b 3 x denotes the interactive effect of the irradiation time t and the dose rate r. Equation (5) can be rearranged to the following:
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If p = 0.5a then -(b 0 + b 1 t + b 2 r + b 3 x) = 0, that is, the MED is given by
where the range of r depends on the values of the parameters.
Third, our previous analyses showed that log[ED 50 ] for inhibition of [ 3 H]-thymidine uptake and log [ED 30 ] for micronucleus formation are well described by an exponential function of the logarithm of the dose rate (Magae et al., 2003) . Here, instead of ED 50 and ED 30 , we used the MED = ED 50a . This model (MOE model) which provides a more general description of the response is expressed as follows:
where α, β and µ are parameters.
Parameters were calculated by the iterative least squares method (Neter et al., 1989) , using SPSS (Norusis, 1999) and STATISTICA (StatSoft Inc., 1999) software tool kits. Table I shows MEDs estimated by fitting a general logistic function for each group defined by irradiation time. Also shown are dose rates which were calculated from equation: (MED)/(irradiation time). It is evident that the MED increases with longer irradiation time for both the inhibition of Figure 3 shows the relationships between MEDs and dose rates calculated with equations (4) and (7). It is clear that for both responses MEDs increase sharply when the dose rate is less than 0.1 Gy/h. In equation (4), the MED approaches d 0 when r approaches infinity, where r > d 1 . An increase in MEDs signifies a decline of the response, or a reduction of the risk. Therefore these results suggest that the risk was reduced at very low dose rates. However, the range over which equations (4) and (7) are effective is mathematically limited to dose rates roughly from 0.05 to 10 Gy/h, and these
Results
functions can not be applied to very low dose rates. To estimate the effect of dose rate in a more general form, we used equation (8), the MOE model. This model has no mathematical limitation on the range of dose rate. We obtained parameter estimates of the model: α = -3.340, β = -1.916, µ = 0.316 for the inhibition of [ 3 H] thymidine uptake and α = -1.662, β = -1.013, µ = -0.264 for the micronucleus formation. Figure 4 shows the relationships between MEDs and dose rates. Fitted curves for ED 25a and ED 75a versus dose rate are also shown, where 25a and 75a denote respectively the lower and upper quartiles of the cumulative response distribution. For the three models (Eqs. (4), (7) and (8) thymidine uptake, and 1.699, 2.573 and 0.775 for the micronucleus formation. It was clear that three models produced similar fits and equation (8) fitted best to the data among three models. 
Discussion
We applied some functional expressions to describe the quantitative relationship between MEDs and dose rates in biological response to gamma radiation in human osteosarcoma cells. The results from these analyses showed that the MED decreases when dose rate increases and eventually approaching a minimum constant level, but it increases sharply at very low dose rates. The relationships of LD 50 (the lethal dose 50, the lethal dose for 50% of the group) to the dose rate of low-LET (Linear Energy Transfer) radiation exposure for marrow-syndrome lethality in human (Ainsworth et al., 1965) , rat (Logie et al., 1960) , mouse (Koznova, 1978) , and other species have been reported. These studies showed that the curves for LD 50 versus dose rate converge at high dose rates to a common LD 50 for dog, swine, goat, and human (Scott et al., 1988) . Furthermore, the curves for LD 50 versus dose rate for many kinds of animal and man have a similar shape to that produced by the MOE model, and this suggests that the model is applicable for a wide range data.
The curves describing the relationship between MED and dose rate sharply change the slopes at approximately 0.1 Gy/h, as shown in Figure 4 . It could be speculated that at this point cell repair mechanisms rapidly lose their ability to repair induced damage. Based on our data, we conclude that, from the viewpoint of risk evaluation, it is useful to consider three main dose rate ranges. In the middle range (roughly from 0.1 to 1 Gy/h), the response depends on both dose and dose rate. At very low dose rates (less than 0.1 Gy/h) the MED increases sharply, therefore the response depends strongly on dose rate. At higher dose rate (greater than 1 Gy/h), the MED approaches a minimum constant level, the response no longer depends on dose rate, i.e. it depends on only total cumulative dose.
The theory of dual radiation action describes the relationship between chromosome aberration and radiation dose (Kellerer and Rossi, 1972) . This model has been used as a general dose-response model, by which risk is calculated using the expression β 1 D + β 2 D 2 where D is the dose, β 1 and β 2 are parameters, a linearquadratic polynomial. In this model, β 2 D 2 becomes negligible at low dose levels and the relationship is then linear. It has been demonstrated that the value of the parameter β 1 is greater at high dose rates than at low dose rates for some biological responses including mutation frequency (Russell, 1977; Selby et al., 1991) and formation of micronuclei in early spermatids (Kunugita et al., 2002) . A decrease of value of β 1 is generally reflected in an increase of the MED. Therefore, if the parameter β 1 is expressed as a function of dose rate, which is continuous variable, then the MED as a measure of the risk can be described as a continuous function of dose rate. However, there is little basis for the relationship between β 1 and dose rate at low dose rate. From a statistical point of view, the shape of a dose-response curve at very low dose and very high dose, i.e. the tails of the response distribution, are subject to significant measurement error (Ashford, 1985; Morgan, 1992) . A large uncertainty, or a lack of statistical power, always remains for any measure of biological response at low dose level. This statistical consideration underscores the difficulty in directly evaluating low dose radiation risk. However, the use of the MED as a point estimator circumvents measurement error (Armitage and Colton, 1998) and can reduce uncertainty due to the lack of information.
The survivors of Hiroshima and Nagasaki were exposed to doses ranging from 0.005 Sv to several Sv. Because exposure time was less than one second (Académie des Sciences, 1995) , the dose rate range was between 10 1 and 10 4 Sv/h. The lowest experimentally accessible dose rates are on the order of 10 -3 Sv/h. However, the dose rates usually considered for environmental, but not medical radioprotection correspond to the order of 10 -7 Sv/h or less, which is less than one 10000th of the minimum rate for which actual data is obtainable. Therefore a quantitative model is required to allow extrapolation of the risk level in the interval between experimentally obtainable dose rates and actual environmental background radiation levels.
In conclusion, the MOE model describes the quantitative relationship between effect and dose rate for cell proliferation arrest and micronucleus formation induced by ionizing radiation in human tumor cells. The results that there is a dose rate range over which risk depends on both dose and dose rate, but that risk depends primarily on dose rate at dose rate lower than about 0.1 Sv/h. In this context, micronucleus formation is one end point that does seem to be show an inverse-dose rate effect (at least in lung cells). A claimed advantage of the model developped is that it is widely appreciated and can be used to test predictions for other experimental or epidemiological data. In this respect, the model is particularly useful since it is applicable over a wide dose rate range extending from those typical of environmental background to those typical of medical and experimental.
